Objective. This study aims to increase the fluorescence quantum yield by improving the conditions of preparing graphene quantum dots (GQDs) through the solvothermal route and observe the GQDs performance in imaging oral squamous cells. Methodology. The following experimental conditions of GQDs preparation through the solvothermal route were improved: graphene oxide (GO)/N-N dimethyl formamide (DMF) ratio, filling percentage, and reaction time. A fluorescence spectrophotometer was used to measure photoluminescence, and the peak values were compared. Methylthiazolyldiphenyl-tetrazolium (MTT) bromide was used to detect the cytotoxicity of GQDs, which was compared with that of cadmium telluride quantum dots (CdTe QDs). GQDs were cultured with tongue cancer cells. After the coculture, a laser scanning confocal microscope (LSCM) was used to observe cell imaging. Results. The optimal conditions of GQD preparation through the solvothermal route included the following: 10 mg/mL GO/DMF ratio, 80% filling percentage, 12 h reaction time, and 17.4% fluorescence quantum yield. As the cell concentration increased, the GQD and CdTe QD groups exhibited a decreasing cell survival rate, with the decrease in the CdTe QD group being more significant. The LSCM observations showed bright green fluorescence images. Conclusion. The improved experimental conditions increased the fluorescence quantum yield of GQDs. In this study, the prepared GQDs exhibited low cytotoxicity level and satisfactory cell imaging performance.
Introduction
Graphene quantum dots (GQDs) are zero-dimensional graphene nanoparticles with excellent optical properties and biosecurity. For these traits, the application of GQDs shows remarkable prospects in biomedical fields, such as cell imaging [1, 2] and biosensors [3] . Currently, various techniques have been developed to produce GQDs. Bottom-up methods include solution chemical [4] , microwave [5] , and ultrasonic methods [6] . Up-bottom methods include hydrothermal [7] and electrochemical methods [8] . These techniques are complex and have lower fluorescence quantum yield and intensity compared to conventional semiconductor quantum dots (QDs) and carbon QDs. Zhu et al. [9] applied the solvothermal route to produce GQDs and achieved a QD yield of 11.4%. In the present study, the solvothermal route was improved to increase fluorescence quantum yield of GQDs by 17.4%. The produced GQDs have good stability and lower cytotoxicity compared to CdTe QDs. In addition, the produced GQDs can easily enter cells. Our finding was intended to provide a research direction for the application of GQDs in cell imaging and protein labeling.
Materials and Methods

Main Reagents and Equipment.
The following reagents and equipment were used in this study: CdTe QDs (Nanjing Janus New Materials Co., Ltd., China), dialysis bag (EI9700, MD-25, NMCO: 3500, Beijing Huamei Scientific Co.), digital temperature magnetic stirrer (Jinyan, 85-2), Muffle Furnace (MF-1100C-S, Anhui BEQ Equipment Technology Co., Ltd.), Transmission Electron Microscope (JEOL 2011, Philips-CM20, Holland), Fluorescence Spectrometer (Cary Eclipse, Varian), UV-vis spectrophotometer (TU-1901, 2 Journal of Nanomaterials Beijing Purkinje General Instrument Co., Ltd.), microplate reader (PerkinElmer, Waltham, MA, USA), laser scanning confocal microscope (Olympus, USA), and Fluorescence Spectrometer (Cary Eclipse, Japan).
GQD Preparation Using the Solvothermal Route.
Graphene oxide (GO) was prepared through improved Hummers method, and GQDs were prepared through the solvothermal route. The preparation steps were as follows: 480 mg of GOs was added in 48 mL of N-N dimethyl formamide (DMF) to produce 10 mg/mL GO/DMF suspension. The suspension was treated with ultrasonic dispersion (500 W) for 1 h, transferred into a 60 mL Teflon bottle held in a stainless steel autoclave, and heated in the muffle furnace to 200 ∘ C for 8 h. The final GQD/DMF products can be obtained through vacuum filtration using a 0.22 m micropore filter membrane. The GQD/DMF suspension was rotated for evaporation to remove DMF and obtain GQDs, which were then dissolved in different solvents, such as pure water, normal saline, and phosphate buffered saline (PBS) to produce different suspensions.
The GO/DMF ratios of 0.5, 1, 5, 10, and 20 mg/mL were strictly controlled. The filling degrees in the reaction were 40%, 60%, and 80%. The reaction times were 4, 8, and 12 h. The GQD/DMF samples were individually produced through the above-mentioned experimental methods. To select the optimal preparation conditions, the fluorescence quantum yields of the different GOD samples were measured using fluorescence spectroscopy (excitation wavelength, Ex: 420 nm, with quinine sulfate as the reference). The calculated formula was as follows:
where B is the fluorescence quantum yield, is the emission intensity, is the refractive index of solvents, is the UV absorption at 425 nm, is the GQDs, and st is the standard controls.
GQDs Cytotoxicity.
Human tongue cancer Tca8113 cells were cultured in RPMI1640 medium supplemented with 10% fetal calf serum, which was placed in the incubator at 37 ∘ C with 5% CO 2 and saturated humidity. The nutrient solution was replaced every 2 d. In 2 d to 3 d, 0.25% trypsin was used to digest the cells and enable passage. The solution was transformed into a single-cell suspension and inoculated in a 96-pore plate with 1 × 10 4 cells/pore. The total amount of medium was 200 L per pore. GQDs were added to the 96-pore plate of each group. The final concentration in each group was regulated at 0, 100, 200, 300, and 400 g/mL, and cells were cultured in an incubator at 37 ∘ C with 5% CO 2 for 24 h. MTT liquid (5 mg/mL and 20 L/pore) was then added to the 96-pore plate, and the culture time was extended for another 4 h. The nutrient solution in the pores was extracted and then replaced by dimethyl sulfoxide liquid (150 L/pore). The plate was placed in a microplate oscillator for 10 min of oscillation at room temperature. The crystals were dissolved through this approach, and the microplate reader was analyzed under the wavelength of 490 nm to detect OD in each pore. The results were then recorded. An equivalent amount of CdTe QDs was added to the control group.
Calculation of the survival rate of cells: the survival rate of cells (cell viability) was calculated according to the following equation:
where OD treated denotes the addition of GQDs or CdTe QDs and OD control means no addition of GQDs or CdTe QDs.
To ensure reliability of the experimental data, each sample was repeatedly analyzed five times, and the average value and standard deviation were generated to draw images. Observation of cell morphology: the 96-pore plate was placed under an optical microscope to observe cell morphology. Photos were subsequently taken.
Cell Imaging of GQDs
Single-Cell Staining.
After the digestion of Tca8113 cells at the logarithmic growth phase with 0.25% trypsin, the cells were inoculated with density of 1 × 10 6 cells/mL in the 6-pore plate with a sterile cover slip. The plate was placed in an incubator at 37 ∘ C with 5% CO 2 and saturated humidity for 24 h. After cell adhesion, the nutrient solution was removed, and the cells were rinsed with PBS three times. Afterward, 4% paraformaldehyde was used to fix the cells for 30 min. The cells were rinsed with PBS two times to remove excess paraformaldehyde. Briefly, 500 L of 0.4 mg/mL GQD was added in 500 L of RPMI1640 medium and cocultured with fixed cells for 24 h. The slides were sealed with propolis and observed under LSCM (Ex: 405 nm, Em: 535 nm).
Double Staining of the Cytoplasm and Nucleus.
Tca8113 oral squamous cells at the logarithmic phase were digested with 0.25% trypsin and inoculated with density of 1 × 10 6 cells/mL in a 6-pore plate with a sterile cover slip. The cells were cultured in the incubator at 37 ∘ C with 5% CO 2 under saturated humidity for 24 h. After cell adhesion, the cells were rinsed thrice with PBS and then fixed with 4% paraformaldehyde for 30 min. To remove excess paraformaldehyde, the fixed cells were rinsed twice with PBS. Subsequently, 500 L of (0.4 mg/mL) GQD was added in 500 L of RPMI1640 medium and cocultured with fixed cells for 24 h. After removing the cellular culture solution, a solution of Triton X-100 was added, and the cells were cultured at room temperature for 10 min. The cultured cells were rinsed thrice with PBS. The inorganic fluorochrome Hoechst 33258 stain was added and cocultured with cells for 20 min. To remove excess stain, the cultured cells were rinsed thrice with PBS. Afterward, the slides were sealed with propolis. An equivalent amount of pure water was added for the control group. Samples were observed under LSCM (Ex: 405 nm) to measure the luminance of GQD and then under LSCM (Ex: 488 nm) to identify and determine luminance of the cell nucleus. Subsequently, the obtained images were overlapped.
Results
Optimal Preparation Conditions for GQDs with the
Solvothermal Route. By controlling the different synthesis conditions (GO/DMF ratios, filling percentages, and reaction time), different GQDs were prepared and assayed through photoluminescence (PL) spectroscopy. According to the findings, the optimal preparation conditions for GQDs through the solvothermal route include 10 mg/mL GO/DMF ratio, 80% filling percentage in the reaction, 200 ∘ C temperature in the muffle furnace, and 12 h reaction time (Figure 1 ). Using the measurement method in the literature [9] , the fluorescence quantum yield of GQDs produced under the optimal conditions was 17.4% (Table 1) , which was higher compared to the fluorescence quantum yield of GQDs produced through the method of Zhu et al. [9] . Figure 2(a) shows the UV-vis spectra of the GQD aqueous solution produced under optimal conditions. An evident absorption peak was observed at a wavelength of 320 nm, which is consistent with that in literature [8] . In the PL spectrum (Figure 2(b) ), at the excitation wavelength of 420 nm, the highest peak appeared at 500 nm, and the full width at half maximum was approximately 50 nm. This result was similar to that of the semiconductor and carbon QDs reported in the literature [10, 11] . The images in the right corner of Figures 2(a) and 2(b) are digital images of the GQD pure water suspension under natural light and 365 nm UV excitation. The figures show the sufficient dispersion stability of GQDs in pure water, thus showing a faintly yellow transparent liquid. However, this sample illuminated strong green fluorescence under UV excitation. Figures 2(c) and 2(d) showed the TEM images and particle size distribution images of the GQDs, respectively. The average particle size was 3.783 ± 0.829 nm.
Representation of Graphene Quantum Dots.
The GQD/DMF suspension exhibited different PL intensities at different Ex wavelengths, as shown in Figure 3 increasing Ex wavelengths and PL peak shifted from 475 nm to 500 nm. When the Ex wavelength exceeded 420 nm, the PL intensity decreased. Figure 3(b) demonstrates that the PL intensities of GQD also differed in various solvents. In DMF, the PL intensity was significantly higher than that in other inorganic solvents. The maximum PL intensity of the GQD/PBS suspension was observed in a neutral environment. Excess acids or alkalis would reduce the intensity (Figure 3(c) ), and the changes in the intensities are faster in acidic environments than in basic environments (Figure 4(a) ). The PL intensity also increased with increasing GQD/NS suspension concentration (Figure 4(b) ).
Cytotoxicity of Graphene QDs.
The MTT results showed that the survival rate of the cells in the GQD group was higher than that of the CdTe QD group at low concentration. When the concentration reached 300 g/mL, the survival rate of the cells in the GQDs group remained higher than 80%, whereas that of the CdTe QDs group was lower than 60%. However, with the concentration increasing to 400 g/m, the survival rate of cells in GQDs group decreased to 48%, with no significant differences with CdTe QDs group (49%) ( Figure 5 ). LSCM observations demonstrated ( Figure 6 ) that when the concentration reached 300 g/mL, the cellular morphology in the GQD group remained normal. Cell showed a cobblestone-like appearance and cellular tuber was distinct. However, most cell processes disappeared and became round or oval in the CdTe QD group, indicating that most cells died. According to the results of the MTT experiment and microscopic observation, the cytotoxicity of GQDs was lower than that of the CdTe QDs, and the cytocompatibility of GQDs was better. 
Cell Imaging of Graphene QDs. When GQDs and Tca8113
cells were cocultured for 24 h, results of the LSCM observations showed that, under 405 nm UV excitation, the cells showed bright green images ( Figure 7 ). This finding indicates that GQDs can enter cells and are mainly concentrated in the cytoplasm without entering the cell nucleus. In addition, the fluorescence signals were significantly stronger in several areas of the cytoplasm, which may be attributed to the uneven aggregate distribution of GQDs in the cytoplasm. When the concentration of GQDs was high in several areas, the fluorescence signals were strong. This finding verified that GQDs could sufficiently form in vitro images of oral squamous cell Tca8113. To better observe the imaging effects, double staining of the cytoplasm and nucleus was performed. Considering that GQDs could not enter the cell nucleus, the organic fluorochrome Hoechst 33258 stain was selected to dye the cell nucleus. The final obtained images were overlapped using different excitation wavelengths. Figure 8 shows that the green fluorescence of GQDs mainly concentrated in the cytoplasm, and the blue Hoechst 33258 stain fluorescence focused mainly around the area of the cell nucleus. The blue fluorescence disappeared after 1 min of continuous excitation, indicating that the organic fluorochrome was rapidly quenched. However, the green fluorochrome intensity of GQDs remained unchanged, indicating that their fluorochrome stability was higher than that of the organic fluorochrome.
Discussion
Numerous methods are available to produce graphene QDs, including ultrasonic, microwave, solution chemistry, hydrothermal, and electrochemical methods, as well as the solvothermal route. However, GQDs produced through these methods exhibit a significantly lower fluorescence quantum yield compared to semiconductor and carbon QDs [12] [13] [14] . The fluorescence quantum yield of the latter can reach at Journal of Nanomaterials least 50%. In our study, the solvothermal route was selected for the preparation of GQDs because this method is simple, easy to control, and safe. By controlling the different preparation conditions, the present study determined the following optimal preparation conditions: 10 mg/mL GO/DMF ratio, 80% filling percentage in the reaction, and 12 h reaction in the muffle furnace at 200 t. In this study, the fluorescence quantum yield of GQDs reached 17.4%, which is higher than that reported by Zhu et al. During the reaction, DMF acted as the solvent as well as a weak reduction agent. The big GO was split and reduced simultaneously, and thus the GQDs were obtained.
The PL of the GQDs shows dependence on the excitation wavelength and pH value of the solution. Thus, the PL intensities at different excitation wavelengths and pH values in solutions are different. However, the peak position of PL remained unchanged. This phenomenon may be attributed to the different luminous mechanisms of GQDs compared with that of semiconductor [15] and carbon QDs [16] . The luminescence might be caused by the particle size or surface defects [1, 17] . Meanwhile, the emission intensity of the GQDs in strong acidic and alkaline conditions decreased considerably because the pH change can induce protonation or deprotonation of emissive sites (i.e., oxygen groups and free zigzag sites) in the GQD cores [18, 19] . However, around the optimum pH value of 7 for biosome, greater fluorescence of GQDs was detected, which was better than CdSe/ZnSe/ZnS quantum dots with stronger fluorescence in aqueous alkaline medium and extremely sensitive to pH [20] . With high PL quantum yield and greater fluorescence at pH of 7, GQDs were appropriate for bioimaging. In addition, with increasing GQD concentration, the intensity of PL increased. Within the concentration range of 0 mg/mL to 1 mg/mL, the PL intensity was linearly correlated with the concentration. Thus, in future studies, the PL distribution and metabolism in cells and human body can be detected by measuring the intensity of PL in tissue fluids, blood, or tissue homogenate.
Semiconductor QDs have been used in the biomedical research fields at an early stage because of their excellent optical properties. Compared with conventional organic fluorophores, the semiconductor QDs have a narrow, tunable, symmetric emission spectrum and photochemical stability [10, 21] . However, the toxicity of semiconductor QDs in cells and human body is limiting their extensive application in biomedical fields [15] [16] [17] . Therefore, in recent years, related studies have focused on carbon materials with good biocompatibility. This study also proved that the cytotoxicity of GQDs is lower than that of CdTe QDs especially in lower concentration. In addition, GQDs have unique optical properties. In theoretical and experimental studies, quantum confinement and edge effects of "small" graphene (less than 10 nm) have been shown to induce photoluminescence (PL) [22, 23] . Due to quantum confinement effect, the functionalities of quantum dots can be simply tailored by controlling the size. Consequently, quantum dots have photochemical stability. In this experiment, GQDs can easily enter cells and are gathered in the cytoplasm. The imaging stability of GQDs was significantly better than that of organic fluorochrome, suggesting the sound prospects of using GQDs in the biological imaging field. Although GQDs have showed stronger stability than that of organic fluorochrome, PL intensity has also been influenced by the size of GQDs, pH value, solution, and excitation wavelength. The photochemical stability of GQDs should be detected in different conditions. Overall, by improving the GQD preparation conditions through the solvothermal route, the fluorescence quantum yield was enhanced. GQDs produced in this study exhibit sound stability, low level of cytotoxicity, and easy entrance to cells. GQDs could generate clear images of cells with remarkable imaging stability. Therefore, GQDs have potential applications in the fields of biological imaging and probes.
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